ABSTRACT As a parallel mechanism with six-degree-of-freedom, an electro-hydraulic shaking table is endowed with strong coupling characteristics among different degree-of-freedoms. When the electrohydraulic shaking table moves to one direction, there will be some unnecessary related motions in other directions, which will affect the tracking accuracy. The kinematics model, the dynamic model, and the electro-hydraulic model are all established based on analyzing the components and working principles of the electro-hydraulic shaking table. After that, a modal space controller is built on the basis of a threevariable feedback controller by relying on the designed modal space matrix on the premise of modal control theory. In this regard, a multiple-input multiple-output system with strong coupling within the physical space is transformed into a set of single-input single-output systems independent from each other within the modal space. Moreover, the accuracy of vibration control can be improved by introducing a discrete feedforward controller. It is evident from the experimental results that the proposed control strategy can effectively improve the accuracy of vibration control.
I. INTRODUCTION
As a classical parallel mechanism with electro-hydraulic driving, an electro-hydraulic shaking table (EHST) is mainly used to simulate the vibration environment under different working conditions to investigate the original performance of the tested specimen under vibration excitation. With the advantage of considerable rigidity, strong bearing capacity, high precision, no error accumulation, and so on, the EHST is commonly used in aviation, ship, automobile, building and other fields [1] - [4] . A vibration test rig is used to simulate the vibration environment of high-speed railway, and dynamic parameters of the specimen are studied by experiments [5] , [6] . In the EHST, the number of hydraulic cylinders is greater than the degree-of-freedom (DOF), and the redundant degrees of freedom will cause coupling among the branches [7] , [8] . Reducing the coupling among branches through decoupling is considered to be necessary in order to improve the motion flexibility of the EHST.
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The coupling feature exists in the movement of each branch of a parallel mechanism, so the joint movement of each branch is accompanied by any movement of the mechanism accordingly, otherwise, the unmoving branch will limit the overall mechanism [9] , [10] . Legnani et al. [11] analyze the internal coupling mechanism and singular characteristics of the actuators of the six-DOF parallel mechanism, and the effective solution of each actuator is studied. To decouple the internal coupling in the six-DOF electro-hydraulic shaking table, a coordinate controller is introduced combined a pressure stabilizing controller, a proportional-integral-derivative (PID) controller with the transformation matrix [12] . In [13] , the dynamic coupling characteristics, the coupling relationship between the minimum structure frequency and the natural frequency of hydraulic pressure are discussed. However, the controller designed in the DOF space cannot eliminate the coupling among the DOF channels, because it is designed based on the inherent attributes of the parallel mechanism, and the modal space control (MSC)can solve the problem instead [14] . In the modal space, a strong coupling multipleinput multiple-output (MIMO) system can be decomposed into a set of independent single-input single-output (SISO) systems, thus the independent control of every DOF channel can be realized [15] - [17] . Plummer and Guinzio [18] study the coupling characteristics of a multi-DOF parallel mechanism for improving its dynamic response capability based on the modal space control strategy, and a complete multi-axis decoupling controller is proposed for a multiaxis parallel mechanism [19] . Based on the transfer matrix method, a robust modal space fuzzy controller is designed for vibration control of a hybrid multibody system [20] . Yang et al. [21] proposed a modal space active force control structure to overcome the effects of the strong dynamic coupling in the parallel mechanism system. A modal space negative acceleration feedback controller is intended to suppress vibration of structures for a MIMO system [22] . In order to decouple a 3-DOF mechanism and improve the accuracy of position control, a MSC is proposed combined a hysteresis observer [23] . In the area of seismic control, a simple controller can improve the control performance combined a modal space controller with a PID controller [24] .
In this paper, the EHST adopts electro-hydraulic servo drive mode, which has been extensively used in various industrial fields [25] , [26] . The conventional PID controller is one of the most important control strategies [27] , but it cannot meet the control requirements of the increasingly complex electro-hydraulic servo system [28] . Because three-variable control can extend the frequency bandwidth and improve the dynamic property, it has been the main control method of electro-hydraulic servo systems [29] , an inverse transfer function of the system was combined with a three-variable controller and an offline feedforward compensator [30] . In order to improve the control accuracy of electro-hydraulic system, Ginya et al. [31] proposed a hybrid controller combined a slide mode controller and a disturbance observer. Deng et al. [32] proposed an adaptive control strategy to compensate the input delay in the tracking control of an electrohydraulic system. Jung and Shing [33] utilized a discrete feedforward controller (DFC) to compensate the actuator delay, in addition, a force and voltage feedforward controller is presented in [34] . Through these control schemes above can get higher precision than a conventional PID controller, it is at the expense of structural complexity and calculation burden.
In this paper, the main contribution is to propose a new control structure, modal space feedforward control, for the electro-hydraulic parallel mechanism. Due to the large amount of calculation in the modal space, the controller with simple structure is usually employed in the modal space, but such control structure is difficult to satisfy the control accuracy, so some other controllers are introduced to improve the control accuracy outside the modal space. First of all, a modal space is built to decouple the strong coupling, and there is no dynamic coupling in the modal space. Then, a three-variable feedback controller (TVFC) is designed to improve the stability and accuracy in the modal space. After that, a DFC is employed to extend the system frequency bandwidth out of the modal space, so as to realize the independent control of every DOF channel. The proposed controller can rightly reduce the strong coupling among the DOF channels and improve the vibration control accuracy of the EHST. This paper is organized as follows. An experimental system of the EHST is introduced in Section 2, and its mathematical models are presented in Section 3, including kinematics modeling, dynamic modeling and electro-hydraulic system modeling. The proposed controller combined a modal space three-variable feedback controller with a DFC is designed in Section 4, and the experimental results of the proposed controller are analyzed in Section 5. Finally, main conclusions are presented in Section 6. Fig. 1 shows the EHST that is employed the proposed control strategy, including a motion Table 1 .
II. EXPERIMENTAL SETUP
The control system of the EHST is processed on xPC target based on MATLAB/ Simulink rapid prototyping, including a host computer, a signal modulator, a real-time controller and other auxiliary accessories as showed in Fig. 2 . The programs of the proposed control method and data acquisition are prepared with MATLAB/Simulink and compiled by Microsoft Visual Studio.NET on the host computer, and then is downloaded to the target for implementation. The displacement signal of 8 hydraulic cylinders will be gathered in real-time by the corresponding sensors and then transmitted to signal conditioning system, collection board card respectively and fed back to IPC finally. 8 servo valves receive the control command from the xPC after being processed by the signal conditioning module so that the movement of 8 hydraulic cylinders can be driven accordingly.
III. MATHEMATICAL MODELING A. KINEMATICS MODELING
As shown in Fig. 3 , the motion table is used to install the load. In order to describe the movement of the motion table, two coordinate systems are established, in which the static coordinate system O−XYZ is fixed on the bottom platform, the origin O is under the center of the motion table when the EHST is in the middle position, and Z axis is perpendicular to the bottom platform; the moving coordinate system O −X Y Z is fixed on the motion table, the origin O is on the barycentre of the motion table, and Z is perpendicular to the motion table. 8 hydraulic cylinders are represented by X m , Y m (m = 1, 2) and Z n (n = 1, · · · , 4) respectively. 8 active hinge points are Table 2 .
The pose of the motion table can be expressed by the generalized coordinate system q of the moving coordinate system relative to the static coordinate system, which can expressed
T , where q 1 , q 2 and q 3 are the Euler anglers of the moving coordinate system relative to the static coordinate system, and q 4 , q 5 and q 6 are the coordinate components of the O in the static coordinate system. The transformation matrix of the moving coordinate system to the static coordinate system is expressed by (1) , as shown at the top of the next page.
The homogeneous coordinate of the active hinge points A i can be expressed by
The homogeneous coordinate of the static hinge points B j can be expressed by (3) , as shown at the top of the next page.
When the motion table in the middle position, the coordinate values of the active hinge points are the same in the two coordinate systems. When the motion table moves, the coordinate values of the active hinge points remains unchanged in the moving coordinate system, but the coordinate values changes in the static coordinate system. The coordinate matrix of the active hinge points in the static coordinate system can be expressed by
The stretching displacement of the hydraulic cylinder can be expressed by
where L i is the distance between the active hinge point and the static hinge point of the hydraulic cylinder, L 0 is the initial length of the hydraulic cylinder, g ki is a member of G, and b ki is a member of B.
Forward kinematics is employed to obtain the position and posture of the EHST, when the position of 8 hydraulic cylinders are known.
where a nonlinear system q j (j = 1, · · · , 6) of equations can be solved.
A binary Taylor expansion of f i (q 1 , q 2 , q 3 , q 4 , q 5 , q 6 ) is obtained near (q 10 , q 20 , q 30 , q 40 , q 50 , q 60 ), which can be expressed by
where f i (Q 0 ) = f i (q 10 , q 20 , q 30 , q 40 , q 50 , q 60 ). Let q j = (q j − q j0 ) (j = 1, · · · , 6). As a linear system of equations with unknown variables q j , the coefficient matrix of (7) can be expressed by
After solving q j , let
So the forward kinematics of the EHST can be solved.
B. DYNAMIC MODELING
Because the EHST performs small displacement and highfrequency motion mainly, the inertial force should be considered when performing dynamic analysis. And the dynamic equation is expressed by
where f q is the driving force vector in the DOF space,
M is the inertial mass matrix,
When the EHST is loaded, its inertial force system includes the inertial force system of the motion table {f mt }, the inertial force system {f ml } of the payload, and the driving force system f q , where the applied point of {f mt } and f q is the center of mass O t of the motion (12) Combined with the above equation, the force balance equation in the direction of each degree of freedom can be expressed by 
The total mass m = m t + m l , the total rotary inertia I i = I mt,i + I ml,i , and (13) can be expressed by
where the diagonal inertial matrix M d can be expressed by
The coupled inertial matrix M c can be expressed by (17) , as shown at the bottom of the next page, where M cq presents the dynamic coupling of the EHST, and it can be seen that coupling exists among the various DOFs of the EHST. The total mass matrix M can be expressed by (18) , as shown at the bottom of the next page,
C. ELECTRO-HYDRAULIC SYSTEM MODELING
The EHST is a six-DOF parallel redundant mechanism, with 8 hydraulic servo units that are composed of 8 servocontrolled hydraulic actuators and 8 servo-valves. Because dynamic responses of each actuator are similar, one of the actuator systems is studied here to set up the electro-hydraulic system model, where A p is the effective area of the cylinder, B p is the viscous damping coefficient, C tp is the total leakage coefficient, K c is the flow pressure coefficient, K p is the force spring coefficient, K q is the flow gain, V t is the total chamber volume, β e is the oil effective bulk modulus. A simplified open-loop electro-hydraulic model is established, which is given by
where K ce is the total flow pressure coefficient, 
is the first-order inertial element of the elector-hydraulic system; ω 0 = ω h 1 + K p /K h is the natural frequency of the elector-hydraulic system;
is the damping ratio of the hydraulic system; ω h = 4β e A 2 p /(mV t ) is the natural frequency of the hydraulic cylinder; K h = m t ω 2 h is the oil spring stiffness.
IV. CONTROLLER DESIGN
As shown in Fig. 4 , the control system in this work is divided into two parts: a DOF control space and a modal control space. In the modal space, 8 sets of hydraulic channels are transformed into 8 independent SISO systems, and a TVFC is utilized to improve the vibration control accuracy. In the DOF control space, a DFC is used to expand the frequency bandwidth of the EHST. Then the combined controller is designed to obtain the desired displacement of EHST. The signal selector is used to select the type of reference signals, including the sinusoidal signal, random signal, step signal, etc.
A. THREE-VARIABLE FEEDBACK CONTROLLER DESIGN
The TVFC is a basic control strategy for vibration control of the parallel mechanism, and there are three variables corresponding to the displacement, velocity, and acceleration, respectively. As shown in Fig. 5 , the three feedback parameters K af , K vf , and K df can be defined by
where ω nc is defined as ω nc = 1.2ω h , ξ nc is defined as ξ nc = 0.7, The transfer function of the TVFC can be expressed by
The parameters of the TVFC controller are initially calculated in accordance with (20) . But in the actual experimental process, the parameters should be further adjusted. Firstly, it adjusts the acceleration feedback parameter until the system is divergent. Secondly, it adjusts the values of K vf and K df until the system is divergent.
B. MODAL SPACE DESIGN
The hydraulic cylinder is considered as a hydraulic spring in the EHST, which can be expressed by
The vibration differential equation can be expressed by
where the stiffness matrix can be expressed by
where the DOF decomposition matrix is defined by According to the vibration modal theory, the vibration modal is orthogonal to the mass matrix and the stiffness matrix, so there is a modal matrix that satisfies
whereM is the modal mass matrix, andK is the modal stiffness matrix. After the transformation of the modal matrix, the system is decoupled from a MIMO system to 6 SISO systems, and independent control can be realized, since the modal matrix is a diagonal matrix.
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C. DISCRETE FEEDFORWARD CONTROLLER DESIGN
Based on the original control system, a feedforward controller modify the reference signal to improve the tracking accuracy, without changing the closed-loop feedback characteristics of the control system, which will not affect the stability of the system. The DFC is simple to implement and easy to apply with good performance [33] . Firstly, it can be assumed that the tracking errors within a time step are similar to those in the previous step. Then, the corrected displacement can be expressed by where n is the total number of iterations, K D is the gain of the DFC. The block diagram of the DFC is shown in Fig. 6 . According to Fig. 6 , the measured signal can be expressed by
V. EXPERIMENTAL VALIDATING
According to (26) and (27) , the modal matrix is initially calculated by MATLAB common '' ,K = eig (K, M)'', and it should be further adjusted to the actual experimental test. When the reference sinusoidal signal is applied in the X direction, it adjusts the modal matrix parameters to reduce the amplitude of the related motions in other directions. Then, VOLUME 7, 2019 the reference sinusoidal signals are applied in the Z direction and R x direction, respectively. And it adjusts the modal matrix parameters to minimize the amplitude of the related motions in other directions. Although there are many parameters in the modal matrix, some parameters in the initial value of the modal matrix are the same solved by MATLAB, so only six sets of parameters need to be adjusted in the experimental adjustment process, and the final modal matrix can be expressed by (30) , as shown at the bottom of this page. A series of experimental tests are conducted on the EHST experimental system. But due to the similarity in multiple DOFs of the EHST, only closed-loop control in the X , Z and Rx direction is analyzed here. The main experimental parameters of the proposed controller are shown in Table 3 As shown in Fig. 7 and Fig. 8 , the reference signal 0.002sin2πt is applied as the motion table displacement signal in the X and Z direction, respectively. When the motion table is moving in one direction, there will be related motions in other directions. And only the maximum related motion is shown in the follow figures, because other related motions are small enough to be negligible. The unnecessary related motion need be reduced to improve the vibration control accuracy. It can be seen from Fig. 7 , when the sinusoidal signal is applied in the X direction, the related motions in the R x direction is larger than in other directions. After introducing the MSC, the related motion is reduced significantly and the tracking accuracy is improved also.
On the basis, the tracking accuracy is further improved after introducing the DFC. In Fig. 8 , when the sinusoidal signal is applied in the Z direction, the related motions in the R x direction and R y direction are larger than in other directions. It can be seen from Fig. 8 , the related motions reduce significantly when MSC is employed in the control system, and a DFC can further improve the tracking accuracy of the EHST.
The signal 0.1sinπt is applied as the motion table reference signal in the R x direction, related motion in the R y direction is larger than in other directions. In Fig. 9 , the related motion reduces and the displacement tracking accuracy is improved after employing the MSC and DFC. VOLUME 7, 2019 Fig . 10 shows the experimental results using different controllers with the frequency range of 2-15 Hz and amplitude 5 mm random signal in the Z direction. It can be seen that the coupling among the DOF channels is effectively suppressed and the displacement tracking accuracy is improved significantly.
The reference signal 0.002sin2πt in the X direction and 0.1sinπt in the R x direction are applied as the motion table displacement signals at the same time, and the experimental results are shown in Fig. 11 . It can be seen from Fig. 11 (a) and (b) , when both the X direction and Rx direction are given sinusoidal signals, the coupling among the DOF channels is large, where the related motions in the Y , R y and R z directions are larger than other directions. The proposed controller can effectively reduce the related motion and improve the tracking accuracy. It can be concluded that the proposed controller can effectively suppress the related motions among the DOF channels and improve the tracking accuracy in the displacement closed-loop control.
VI. CONCLUSION
In this paper, a modal space controller combined with the DFC is introduced to realize decoupling for the independent control of the EHST. On the basis of analysis of working principles, the kinematics model, dynamic model and electrohydraulic model of the EHST are all established. In order to realize the independent control of 8 actuators, the modal space of the EHST is established to transform the MIMO system into 8 SISO systems, which will realize decoupling in the DOF space, and the unnecessary related motions of the 6-DOF parallel mechanism are reduced in the modal space. In the modal space, the TVFC is used to realize the closedloop control, and the DFC is used to improve the vibration control accuracy out of the model space. Experimental results show that the proposed control strategy can improve the vibration control accuracy effectively.
